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ABSTRACT
The localization of the repeating fast radio burst (FRB) 121102 to a low-metallicity dwarf galaxy at z = 0.193,
and its association with a luminous quiescent radio source, suggests the possibility that FRBs originate from
magnetars, formed by the unusual supernovae that occur in such galaxies. We investigate this possibility
via a comparison of magnetar birth rates, the FRB volumetric rate, and host galaxy demographics. We
calculate average volumetric rates of possible millisecond magnetar production channels such as superluminous
supernovae (SLSNe), long and short gamma-ray bursts (GRBs), and general magnetar production via core-
collapse supernovae. For each channel we also explore the expected host galaxy demographics using their known
properties. We determine for the first time the number density of FRB emitters (the product of their volumetric
birthrate and lifetime), RFRBτ ≈ 104 Gpc−3, assuming that FRBs are predominantly emitted from repetitive
sources similar to FRB 121102 and adopting a beaming factor of 0.1. By comparing rates we find that production
via rare channels (SLSNe, GRBs) implies a typical FRB lifetime of ∼30–300 yr, in good agreement with other
lines of argument. The total energy emitted over this time is consistent with the available energy stored in the
magnetic field. On the other hand, any relation to magnetars produced via normal core-collapse supernovae leads
to a very short lifetime of ∼0.5 yr, in conflict with both theory and observation. We demonstrate that due to the
diverse host galaxy distributions of the different progenitor channels, many possible sources of FRB birth can be
ruled out with . 10 host galaxy identifications. Conversely, targeted searches of galaxies that have previously
hosted decades-old SLSNe and GRBs may be a fruitful strategy for discovering new FRBs and related quiescent
radio sources, and determining the nature of their progenitors.
Keywords: galaxies: dwarf — radio continuum: general — relativistic processes — stars: magnetars
1. INTRODUCTION
Fast radio bursts (FRBs) are bright flares of coherent radio
emission with millisecond durations and large dispersion mea-
sures (& 300 pc cm−3), well in excess of the expected Milky
Way contribution. They were originally discovered in archival
data by Lorimer et al. (2007) and are now regularly detected
(Keane et al. 2012; Thornton et al. 2013; Spitler et al. 2014a;
Ravi et al. 2015; Petroff et al. 2016a; Champion et al. 2016).
However, their origin remains poorly understood, in no small
part because of a lack of precise localizations. The first claim
of a subarcsecond spatial localization by Keane et al. (2016)
was subsequently refuted by Williams & Berger (2016). The
discovery of FRB 121102 by Spitler et al. (2014b) and its
subsequent recognition as a repeating source with multiple
outbursts (Spitler et al. 2016) were watershed moments in
FRB science. FRB 121102 was recently precisely localized
by Chatterjee et al. (2017) to a host galaxy at a redshift of
z = 0.1927 (Tendulkar et al. 2017). A VLBI localization and
study by Marcote et al. (2017) revealed a luminous quiescent
radio source coincident with the FRB, offset from the host
optical emission centroid. The existence of a repeater rules out
any cataclysmic channel for this FRB, and perhaps FRBs in
general, but the luminosity of the bursts (νLν ∼ 1038 erg s−1)
still requires energetic events.
The host galaxy of FRB 121102 was determined to be a
dwarf galaxy with an absolute magnitude of Mr ≈ −17 and a
low metallicity of 12+ log(O/H). 8.4 (Tendulkar et al. 2017).
This would be surprising if FRBs simply traced normal stellar
populations, in which case they would track stellar mass or
star formation and hence occur in more luminous and mas-
sive galaxies. Tendulkar et al. (2017) noted that similar dwarf
galaxies also host hydrogen-poor superluminous supernovae
(SLSNe) and long gamma-ray bursts (LGRBs). These tran-
sients are thought to be associated with the birth of neutron
stars with dipole fields B ∼ 1014 G and millisecond spin pe-
riods, termed millisecond magnetars (e.g. Kasen & Bildsten
2010; Metzger et al. 2015; Nicholl et al. 2017b), although in
the case of LGRBs black hole engines are more typically as-
sumed (Woosley 1993; MacFadyen & Woosley 1999). Based
on observations in the Galaxy, it appears that roughly 10% of
normal core-collapse supernovae (CCSNe) also produce mag-
netars, here termed ‘classical’ magnetars, which may differ
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from the population inferred for SLSNe (Kouveliotou et al.
1998; Gill & Heyl 2007). It is not clear whether classical mag-
netars are born rapidly rotating, and their anomalous X-ray and
gamma-ray activity seems to require a complicated magnetic
field structure. In any case, less than 10% of CCSNe occur in
galaxies fainter than M ≈ −17 (Svensson et al. 2010), so the
host galaxy of FRB 121102 makes a normal CCSN origin less
compelling for this event.
Several works have attributed FRBs to young neutron stars or
magnetars (Kulkarni et al. 2015; Katz 2016; Cordes & Wasser-
man 2016; Lyutikov et al. 2016; Popov & Pshirkov 2016; Yang
et al. 2016; Kumar et al. 2017), possibly embedded within the
ejecta shells of SN remnants (Connor et al. 2016; Piro 2016;
Murase et al. 2016; Waxman 2017). Following the localization
of FRB 121102, Metzger et al. (2017) presented a magnetar
model that consistently explains the properties of the FRBs,
the quiescent radio source, and the origin in a dwarf galaxy. In
this model the quiescent source is associated with a ∼ decades-
old supernova remnant from a SLSN or LGRB that created a
millisecond magnetar, which then powers the repeating FRBs.
The nebula could be energized by the magnetar or by inter-
action with the surrounding medium. The key requirement
setting the minimum age is that the ejecta have expanded suf-
ficiently that they become transparent to the FRB emission,
while the maximum age is set by the requirement not to over-
produce the size of the quiescent radio source. Subsequent
analyses have supported this broad picture (e.g. Beloborodov
2017; Lyutikov 2017; Piro & Burke-Spolaor 2017), although
they invoke alternative mechanisms to power the quiescent
radio source (Beloborodov 2017). Flares from much older
magnetars (millisecond or classical) are also a plausible model
for the source of FRBs, as the magnetic energy can provide the
necessary luminosity, and allow repetition (e.g. Popov & Post-
nov 2013; Lyubarsky 2014; Pen & Connor 2015; Beloborodov
2017). However, the quiescent radio source associated with
FRB 121102 may favor a younger magnetar than considered
in most previous works.
If FRBs result from the magnetar remnants of rare explo-
sions (SLSNe and/or LGRBs) or more common events (binary
neutron star mergers, core-collapse SNe) this should be re-
flected in the event rate and host galaxy demographics. In
particular, the magnetar birth rate from each channel can be
compared to the volume density of FRBs and the timescale
over which they repeat. Formation via rare channels will re-
quire a longer active lifetime compared to formation via com-
mon channels, and this can be compared to physical arguments
about the FRB lifetimes (e.g., Metzger et al. 2017). The host
galaxy demographics will be similarly impacted in various
formation scenarios.
Here we carry out this analysis through an investigation of
various FRB progenitor formation channels. We furthermore
study the expected demographics of FRB host galaxies in
each scenario and the implications for future localizations in
dwarf galaxies (or otherwise). The outline of the paper is
as follows. First we derive volumetric rates for events that
can form magnetars (SLSNe, GRBs, and CCSNe; §2). We
then constrain the FRB repeater birth rate and lifetime, using
FRB 121102 for guidance, and compare these results to the
magnetar birth rate and expected timescales (§3). We also
use these results to constrain the FRB energy source. We
then predict the host galaxy demographics for FRBs under
different assumptions about magnetar formation channels, and
demonstrate that this can be used as a powerful discriminant
with . 10 precise localizations of FRBs (§4). Finally, we
summarize our findings and present our conclusions (§5).
2. MAGNETAR BIRTH RATES
We begin by deriving volumetric rates, averaged over the
redshift interval 0< z< 0.5, for the various transients that may
be associated with magnetar formation. The choice of redshift
interval is set by the observed dispersion measures (DMs) of
FRBs, taking into account potential contributions from the host
galaxy and/or FRB local environment (see §3). For SLSNe and
GRBs, the remnant is assumed to be a millisecond magnetar,
as opposed to a slowly spinning classical magnetar that may
be formed by a normal CCSN.
2.1. Millisecond Magnetars
2.1.1. Superluminous Supernovae
Energization by a nascent millisecond magnetar is now the
prevailing model for Type I (hydrogen-poor) SLSNe (see most
recently Nicholl et al. 2016, 2017a,b; Kangas et al. 2016;
Inserra et al. 2016). The rates of SLSNe at various redshifts be-
tween 0< z< 3 have been estimated by Quimby et al. (2013),
Cooke et al. (2012), McCrum et al. (2015), and Prajs et al.
(2017). Prajs et al. (2017) normalized these rate estimates to
the cosmic star-formation history derived by Hopkins & Bea-
com (2006, 2008), who found SFR ∝ (1+ z)3.28. The normal-
ization is fixed to the estimated Type I SLSN rate at z = 0.17,
which is 32+77−26 Gpc
−3 yr−1, from Quimby et al. (2013). This
gives an SLSN rate RSLSN(z) = 19(1+ z)3.28 Gpc−3 yr−1. Aver-
aging this function over the interval 0< z< 0.5 results in an
estimated 〈RSLSN〉 ≈ 40 Gpc−3 yr−1. Due to the uncertainties
in the individual rate measurements, the uncertainty on this
estimate is at least a factor of 2.
SLSNe are found almost exclusively in low-luminosity
(∼0.01–0.5 L∗), metal-poor, star forming galaxies (Lunnan
et al. 2014; Leloudas et al. 2015; Chen et al. 2016; Perley et al.
2016b; Angus et al. 2016; Schulze et al. 2016). The host galaxy
of FRB 121102 is in fact typical of SLSN hosts (Metzger et al.
2017).
2.1.2. Long Gamma-Ray Bursts
LGRBs are also thought to be powered by central engines,
but in this case the engine could be either a rapidly accreting
black hole1 or a millisecond magnetar (e.g., Thompson et al.
1 For H-poor SLSNe, the necessary engine timescale exceeds the fallback
time to the black hole (Dexter & Kasen 2013).
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2004; Metzger et al. 2011; Mazzali et al. 2014). For the rate,
we use the analysis of Wanderman & Piran (2010) who infer
a rate function of RLGRB(z) = 1.3(1+ z)2.1 Gpc−3 yr−1 for z< 3.
Averaging over 0 < z < 0.5 and using their beaming factor
of ≈ 50, we find 〈RLGRB〉 ≈ 100 Gpc−3 yr−1. As in the case
of the SLSNe, the uncertainty on this estimate is at least a
factor of 2. Whether LGRBs form millisecond magnetars or
black holes is an important consideration, as black holes are
not expected to contribute to the FRB rate; we will consider
both extreme cases (all LGRBs form magnetars or all form
black holes) when determining the overall plausible range in
birth rate in §2.1.4.
The host demographics for LGRBs are similar to those for
SLSNe, with exclusively star-forming galaxies and a signif-
icant preference for metal-poor dwarf galaxies (. L∗) (e.g.,
Christensen et al. 2004; Fruchter et al. 2006; Schulze et al.
2015; Perley et al. 2016a).
2.1.3. Short Gamma-Ray Bursts
Short gamma-ray bursts (SGRBs) are argued to result from
the mergers of binary neutron stars (BNS), usually leading to
the formation of black holes (Berger 2014). However, some
of these mergers may form stable millisecond magnetars, with
the fraction depending on the masses of the neutron stars and
the equation of state (e.g. Metzger et al. 2008; Giacomazzo
& Perna 2013). We stress that this scenario for a possible
relation between SGRBs and FRBs is distinct from models
which argue that the BNS mergers themselves are the sources
of prompt cataclysmic FRBs (Totani 2013).
Wanderman & Piran (2015) estimated the rates of SGRBs us-
ing data from BATSE, Swift, and Fermi. Their parameterization
takes the form RSGRB(z) = 45exp[(z−0.9)/0.39)] Gpc−3 yr−1,
giving 〈RSGRB〉 ≈ 270 Gpc−3 yr−1 at 0< z< 0.5; here we use a
beaming factor of ≈ 30 (Fong et al. 2015). Therefore SGRBs
could contribute significantly to the FRB progenitor birth rate
if a large fraction make stable millisecond magnetars. How-
ever, limits on the rates of extragalactic transients from radio
time-domain searches (Metzger et al. 2015), as well as late-
time radio follow-up of SGRBs (Fong et al. 2016) suggest that
at most a few percent of BNS mergers form stable millisecond
magnetars. This indicates that the SGRB formation channel is
at most comparable and more likely sub-dominant to SLSNe
and LGRBs.
In terms of host galaxy demographics, the SGRB rate de-
pends on both stellar mass and star formation activity (Leibler
& Berger 2010), but there is no preference for low-metallicity
galaxies similar to the hosts of FRB 121102, SLSNe, and
LGRBs (Berger et al. 2009; Fong et al. 2013; Berger 2014).
SGRB hosts span a broad range of luminosities, ∼0.1–5L∗
(Berger 2014). Fong et al. (2013) found late- and early-type
host galaxy fractions of∼60–80% and∼20–40%, respectively.
2.1.4. Millisecond Magnetar Summary
We estimated rates for various exotic transients that may
be associated with millisecond magnetar formation. The total
millisecond magnetar birth rate depends on which of these
transients are assumed to robustly produce millisecond magne-
tars. If only SLSNe leave behind millisecond magnetars, the
birth rate is ∼ 40 Gpc−3 yr−1. LGRBs can potentially increase
this rate to ∼ 140 Gpc−3 yr−1, while if ∼ 10% of BNS mergers
also contribute to millisecond magnetar birth the rate may be
∼ 170 Gpc−3 yr−1. Given the relative uncertainties in the SLSN
rate, the GRB beaming factors, and the BNS merger chan-
nel in general, the overall plausible range for the millisecond
magnetar birth rate is Rmag,ms ≈ few×10−100 Gpc−3 yr−1.
The relative contributions of the various possible channels
will be imprinted in the host galaxy demographics. We return
to this point in §4.
2.2. Classical Magnetars from Core-collapse Supernovae
Based on observations of Galactic magnetars, Kouveliotou
et al. (1998) and Gill & Heyl (2007) estimate that ∼10% of
CCSNe form magnetars. It is unclear to what extent this
population of magnetars differs from those in dwarf galaxies,
which may be responsible for powering SLSNe and LGRBs.
The most likely difference is that classical magnetars lack the
rotational energy to significantly enhance the explosion energy
or luminosity of the associated CCSNe, as they do in the case
of SLSNe and LGRBs. Observationally, this diversity seems
to be connected to the pre-explosion environment: SLSNe and
LGRBs show a strong preference for low metallicity, whereas
normal CCSNe primarily follow the cosmic star formation rate
distribution. Therefore it appears that magnetar birth may be
different at low metallicity.
Dahlen et al. (2004) derive an average CCSN rate at
0.1 < z < 0.5 of RCCSN ≈ 2.5× 105 Gpc−3 yr−1. This im-
plies a magnetar formation rate from CCSNe of Rmag,CC ≈
2.5× 104 Gpc−3 yr−1. Therefore normal CCSNe rather than
SLSNe or GRBs dominate the overall rate of magnetar produc-
tion in the Universe by a factor of > 100; this is also true in
low metallicity galaxies. One implication of this is that the vast
majority of magnetars must be born with spin periods1 ms
to avoid an overproduction of SLSNe and LGRBs.
3. FAST RADIO BURSTS: RATES AND
CHARACTERISTICS
For the observed FRB rate, we adopt the high-latitude event
rate of Vander Wiel et al. (2016), under the assumption that the
low-latitude FRB rate is attenuated by Galactic propagation ef-
fects. This rate isR(>Sν,lim) = 2870+4460−1750 events per day across
the sky at an observed flux density limit of Sν,lim ≥ 1 Jy. The
uncertainty bounds denote this number’s 95% confidence limit.
This rate is somewhat higher than that inferred by Lawrence
et al. (2016),R = 1320+840−510 day−1, due primarily to differences
in estimated beam sizes (Vander Wiel et al. 2016). Because of
this and other sources of uncertainty, the following calculation
is therefore reliable only to within a factor of a few, similar to
4 NICHOLL ET AL.
our estimates for the rate of magnetar-birthing transients.
3.1. FRB search volume
To convert the observed FRB arrival rate to a volumetric
rate, we must first determine the volume within which we
are sensitive to FRBs. To accomplish this, we consider the
population of the 18 FRBs published at the time of writing. We
adopt a simple model to estimate what portion of each known
FRB’s dispersion measure (DM) is intergalactic, then use the
relation between redshift and DM in the intergalactic medium
calculated by Ioka (2003).
To infer the intergalactic portion of each FRB’s DM, we start
with the observed DM values for all FRBs listed in FRBCat
(Petroff et al. 2016b). We subtract the contribution from the
Milky Way disk derived from the NE2001 model (Cordes &
Lazio 2002) and a fixed value of 30 pc cm−3 for the Milky
Way halo contribution (Dolag et al. 2015). For the FRB host
galaxy contribution, we assume that the value inferred for
FRB 121102 (Tendulkar et al. 2017), DMhost ≈ 140 pc cm−3,
is typical of the population as a whole. X-ray observations
of LGRBs at z . 1 reveal host hydrogen column densities
NH ≈ 1021–5×1022 cm−2 (Starling et al. 2013). Milky Way
observations suggest that these values translate to a DM contri-
bution of 3–150 pc cm−3 at an average ionization of 10% (He
et al. 2013). Leloudas et al. (2015) showed for SLSN hosts
that the star-forming dwarf galaxies of interest tend to have
high ionization parameters, which would result in higher DMs.
Our adopted value is therefore plausible, but it is possible that
our redshifts are biased somewhat low.
We then use the redshift-DM relation to find the redshift
distribution of FRBs, which we show in Figure 1. The distri-
bution appears to decline sharply at z& 0.5 and we therefore
adopt z< 0.5 as our fiducial search volume.
Bright FRBs should in principle be easily detectable at
z > 0.5, so the lack of events at higher estimated redshifts
is surprising. This lack is especially striking if one expects the
FRB production rate to scale with the cosmic star formation
rate, shown as a black line in Figure 1. Assessing whether this
is a real physical effect associated with the source population,
or an uncorrected observational bias, is beyond the scope of
this paper.
3.2. A Luminosity Function for FRBs from FRB 121102
We compute the volumetric birth rate of repeating FRBs
under the assumption that all FRBs are repeaters that share
the same intrinsic luminosity density function as FRB 121102.
We note that no repetitions have yet been detected from other
FRBs. This is despite long term follow-up observations of
some events with the Parkes Telescope (Petroff et al. 2015;
Ravi et al. 2015). However, only the brightest burst from
FRB 121102 would likely have been detectable with Parkes
(Spitler et al. 2016; Scholz et al. 2016), so repetition of other
sources cannot be excluded.
Observations of FRB 121102 indicate intermittent periods
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Figure 1. The inferred redshift distribution of known FRBs,
computed as described in Section 3.1. The solid line shows the
cosmic star-formation history (with arbitrary normalization).
The distribution appears to be roughly complete only to z≈ 0.5.
The dashed histogram shows the redshift distribution assuming
that Milky Way and host contributions are zero (i.e., all DM is
intergalactic). In this extreme model it remains the case that
high-redshift (high-DM) FRBs are lacking.
of high activity (with many bursts) interspersed with periods
in a low-activity state. In particular, Chatterjee et al. (2017)
detected no bursts in 50 hours of VLA data in November 2015
and April-May 2016, before finding nine bursts in 33 hours in
August-September 2016. The source therefore seems to spend
about 30% of the time in an active state. We denote this active
duty cycle ζ.
The nine VLA detections of FRB 121102 published in Chat-
terjee et al. (2017) can be used to determine a fiducial cu-
mulative distribution function for the isotropic (not beaming-
corrected) luminosity density of individual FRB events, shown
in Figure 2. This function, r(>Lν,iso,lim), specifies the number
of FRBs emitted per day, while the source is active, that are
brighter than a threshold isotropic luminosity density Lν,iso,lim.
The errors in each bin of our empirical cumulative distribution
are assumed to be dominated by Poisson noise. We normalize
the distribution to a total observing time of 33 hours; the ac-
tual observed rate is thus ζr(>Lν,iso,lim), where ζ ≈ 0.3 based
on Chatterjee et al. (2017). The luminosity function is well
modeled by a power law of the form:
r(>Lν,iso,lim) = k
(
Lν,iso,lim
1032 erg s−1 Hz−1
)α
, (1)
with α = −0.62+0.18−0.22, and k = 3.5+0.6−0.6 day−1.
With this luminosity function and duty cycle, and for the
redshifts and search times of the FRBs followed up by Petroff
et al. (2015) and Ravi et al. (2015), no such FRB source has an
expectation of > 0.5 repetitions above the limiting sensitivity
of Parkes (≈ 0.15 Jy; Scholz et al. 2016), confirming that the
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Figure 2. Rate of observed bursts from FRB 121102 (VLA,
3 GHz) detected by Chatterjee et al. (2017), as a function of
minimum burst luminosity density. Error bars assume Poisson
statistics. Our best fitting power law, with slope α = −0.62, is
marked (Equation 1) along with the 1σ contours. Also shown
for comparison are six bursts from Scholz et al. (2016) using
the Green Bank Telescope at 2 GHz.
currently known FRBs are consistent with also being repeaters.
Lu & Kumar (2016) estimated a similar distribution function
for FRB 121102 (but for burst energy rather than luminosity)
and also found that if this function is universal, repetition from
other FRBs is not excluded by the existing data.
We denote the beaming factor η, such that the true luminosity
density of each burst is Lν = ηLν,iso. The value of η for FRBs
is not constrained observationally. We adopt a fiducial value of
η = 0.1, appropriate for pulsars (Tauris & Manchester 1998).
3.3. The FRB source density
We denote the volumetric birth rate of repeating FRBs as
RFRB(z), measured in units of Gpc−3 yr−1, and the lifetime
of each repeater as τ yr. The comoving volume density of
repeaters is therefore RFRBτ . We assume that RFRB(z) fol-
lows cosmic star-formation history (Hopkins & Beacom 2006,
2008), defining RFRB(z) = R0(1+ z)3.28. While the star forma-
tion rate (for a given mass) is observed to be greater than
average in galaxies with the low metallicities appropriate to
FRB 121102 and SLSNe, any differential evolution with red-
shift compared to normal star-formation appears to be negli-
gible within the small redshift range used in this study (e.g.
Mannucci et al. 2010). The observer frame birth rate and life-
time are both affected by time dilation but in an opposite sense,
so this effect cancels in the product RFRBτ . We will explore
constraints on τ in the next section.
In this framework the observed rate of FRBs on the sky is
R =
∫ 0.5
0
dz
dV
dz
ηζr(>4pid2L(z)Sν,lim)R0(1+ z)
2.28τ . (2)
Here we take into account FRBs beamed away from the ob-
server (η), the active duty cycle of each FRB source (ζ), the
effects of surveying to fixed flux density sensitivity (Lν,iso,lim =
4pid2L(z)Sν,lim), and the effects of time dilation upon the ob-
served FRB rate (a factor of (1+ z)−1 folded into the cosmic
star formation rate history). We neglect any effects of redshift
upon the observed FRB pulses (i.e., k-corrections).
Using our power-law model (Equation 1) and the observed
value of R, we evaluate the integral numerically and find
R0τ ≈ 130(ηζ)−1 Gpc−3. The volume density of repeating FRB
sources averaged over 0< z< 0.5 is RFRBτ ≈ 280(ηζ)−1 Gpc−3.
We derive the same density (within 10%) if we assume a
uniform (rather than star-formation–weighted) distribution,
demonstrating that our estimate is not sensitive to the choice
of star-formation history (e.g. as a function of metallicity).
The uniform distribution would also be more appropriate for
BNS mergers. Taking η = 0.1 and ζ = 0.3, the fiducial volume
density of repeaters is therefore RFRBτ ∼ 104 Gpc−3.
Lu & Kumar (2016) estimated the volume density of re-
peaters as ∼ 102 − 104 Gpc−3, where the wide range comes
from the uncertainty in the all-sky rate at that time, but did not
account for the beaming or duty cycle (i.e. η = 1 and ζ = 1).
Given these differences, their estimate agrees well with ours.
3.4. Comparison of the Magnetar Birth Rate and FRB Rate
If most millisecond magnetars are FRB sources and this
is the dominant FRB production channel, we have RFRB ≈
Rmag,ms. In this scenario, the lifetime of a typical repeater
must be ∼30–300 yr. The lower limit is reassuring from the
perspective that supernova ejecta generically require ∼10 yr
to become optically thin at GHz frequencies (Metzger et al.
2017), thus allowing FRB emission to escape to the observer.
This lifetime is also compatible with FRB 121102, which has
so far been active for ∼4 yr.
If slowly-rotating classical magnetars from CCSNe produce
FRBs, these would necessarily dominate the rate (§2.2). Set-
ting RFRB = Rmag,CC, we find τ . 0.5 yr. Even if we take only
those CCSNe in galaxies of comparable luminosity to the
host of FRB 121102 (Svensson et al. 2010), we find τ < 5 yr.
This timescale is short compared to the time for the ejecta to
become transparent and is only marginally compatible with
FRB 121102. The essential point is that if most FRBs are
repeaters, at most a small minority of CCSNe ( 1%) can
make FRB sources in order for the rates and timescales to be
consistent with observations, whether or not one assumes that
this minority is indeed the SLSNe and LGRBs.
3.5. Energetics
In the previous section we derived a power-law estimate
for the rate of repeater bursts as a function of their isotropic
luminosity density. We can use this power law to determine
the rate at which the repeater is losing energy, which can be
compared to the various mechanisms that may power FRB
emission.
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The energy emitted per individual FRB event is
E = ηLν,iso∆t∆ν, (3)
where ∆t and ∆ν are the characteristic durations and band-
widths of each event. We assume∆t = 1 ms and ∆ν = 1 GHz.
By the definition of the FRB rate function r(>Lν,iso,lim), when
an FRB source is active it produces bursts within an in-
finitesimal isotropic luminosity density interval [Lν,iso,Lν,iso +
∆Lν,iso] at a rate of
|r′(Lν,iso)|∆Lν,iso, (4)
where r′ is the derivative of r with respect to Lν,iso. The rate
of energy loss due to FRBs is therefore
E˙ =
∫ Lν,iso,max
Lν,iso,min
dLν,isoEζ|r′(Lν,iso)|, (5)
where the duty cycle of FRB production has now been factored
in. Evaluating the integral over a finite range in Lν we find
E˙ =
∣∣∣ α
1+α
∣∣∣kηζ∆ν∆t Lα+1ν,iso,max −Lα+1ν,iso,min
Lαν,0
& 4×1032
(
∆ν
1 GHz
)(
∆t
1 ms
)( η
0.1
)( ζ
0.3
)
erg s−1,
(6)
where Lν,0 = 1032 erg s−1 Hz−1 (see Equation 1). In the adopted
power-law model for r where α≈ −0.7, the value of the inte-
gral in Equation 6 is only weakly dependent on Lν,iso,min, and
energy loss is dominated by the rare, luminous bursts close
to Lν,iso,min2. Therefore integrating over the observed range
in Lν,iso up to the brightest observed burst (Figure 2) yields a
constraining lower limit on the total dissipation. We find that
the total energy emitted in FRBs over 100 yr is Etot & 1042 erg,
assuming fiducial parameters.
Metzger et al. (2017) suggest that the FRB energy reservoir
is either the rotational or magnetic energy of the magnetar.
They estimate an internal magnetic energy EB ∼ 1049 erg. The
total emitted energy in magnetically-powered FRBs should
be roughly this value multiplied by some efficiency factor for
making coherent radio emission. For a lifetime of 30–300 yr,
the required efficiency factor is Etot/Emag∼ 10−7.5–10−6.5. This
is on the high end of theoretical predictions for the efficiency
of GHz radio emission from synchrotron maser instability
for a magnetic pulse interacting with the magnetar nebula
(Lyubarsky 2014). This may support alternative models such
as ultra-relativistic internal shocks between mass ejection be-
tween subsequent flares (Beloborodov 2017).
In the case of rotational powering, the available energy is
Erot(t)≈ 2×1052P−2ms(1+ t/τsd)−1 erg, (7)
where Pms is the initial spin period in milliseconds and τsd is
the spin-down timescale (Ostriker & Gunn 1971; Kasen &
2 In constrast, for a steeper power-law (α < −1), constraints on the faint
end of the luminosity function would be more important.
Bildsten 2010). For the typical values inferred for SLSNe
(Pms & 1, τsd & days; Nicholl et al. 2017b), the rotational en-
ergy remaining at t & 10 yr is Erot ∼ 1047 − 1049 erg. In the
case of LGRBs, the spin-down time is 1 day, in which case
Erot∼ 1046–1047 erg. If FRBs are powered by rotational energy,
the required efficiency is uncomfortably high (Lyutikov 2017;
Metzger et al. 2017), especially in the case of LGRBs. Thus
magnetic powering may be the more likely scenario. Alterna-
tively, this may suggest SLSNe are a more suitable channel for
producing FRBs than are LGRBs.
3.6. Quiescent sources
Given our constraints on the volumetric rate of FRB sources
in the magnetar model, we can also ask what this implies about
detecting their quiescent radio sources with future continuum
wide-field radio surveys, assuming they are all similar to those
of FRB 121102.
The radio luminosity of the quiescent source associated with
FRB 121102 was Lν ≈ 2× 1029 erg s−1 Hz−1 at 1.7−5 GHz.
The number of all-sky sources which would be detectable to a
given flux depth Fν,lim, assuming Euclidean geometry, is given
by
Nall−sky =
4pi
3
(
Lν
4piFν,lim
)3/2
RFRBτ
≈ 103
(
Lν
1029 ergs−1Hz−1
)3/2( Fν,lim
1mJy
)−3/2( RFRBτ
104 Gpc−3
)
(8)
Comparing to Figure 3 of Metzger et al. (2015), we see
that the all-sky rate of quiescent sources exceeds all explosive
transient types in this frequency range (e.g. orphan LGRB
afterglows, jetted tidal disruption flares), with the possible (if
speculative) exception of stable millisecond magnetars from
BNS mergers — which, as we have discussed, could indeed
be one source of FRBs.
Upcoming wide-field surveys such as the Very Large Array
Sky Survey (e.g., Murphy et al. 2015) and the VAST survey
on ASKAP (Murphy et al. 2013) could in principle detect
thousands of these quiescent radio sources. However, if they
are powered by the same mechanism giving rise to the actual
FRB flares, their flux will evolve slowly, on timescales of
decades to centuries, comparable to the age of the source or
the FRB active duration. Still, over the duration of a 3-4
year survey it is conceivable that some sources would show
a detectable fading. This behavior might be challenging to
distinguish from e.g. variable AGN, though an association
with dwarf galaxies would help in this regard. One could also
look for these quiescent sources directly in galaxies that have
previously hosted known SLSNe or GRBs, or indeed BNS
mergers if they are detected via gravitational waves.
3.7. Cataclysmic FRBs?
In this section we investigate the volumetric FRB rate under
the alternative assumption that the FRB rate is dominated by
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cataclysmic events, i.e. where each source emits only a single
burst in its lifetime, rather than FRB 121102-like repeaters. In
this case, we lack a fiducial luminosity function, but we can
set a lower bound by assuming that all FRBs within z < 0.5
are brighter then 1 Jy, leading to:
R =
∫ 0.5
0
dz
dV
dz
ηR0,cat(1+ z)2.28, (9)
where R0,cat is the volumetric rate of cataclysmic FRBs at z = 0
and we have again assumed that the FRB rate scales with the
star formation rate density and accounted for beaming and
time dilation. η is the beaming factor as before3.
We find that the required volume-averaged cataclysmic FRB
rate is Rcat≈ 3.6×104η−1 Gpc−3 yr−1. In this case FRBs cannot
be associated with the birth of millisecond magnetars. They
would need to come from a much more common process than
SLSNe and GRBs. The rate we derive is about (10/η)% of
the CCSN rate (Dahlen et al. 2004), implying that FRBs could
be associated with the formation of classical magnetars if the
spin period is irrelevant to FRB production4, FRBs are not
absorbed by CCSN ejecta, and FRBs are only mildly beamed.
However, this scenario has distinct implications for the host
galaxy demographics that are in tension with the localization
of FRB 121102 to a dwarf galaxy, as we explore in detail in
the next section. For our adopted value of η, the cataclysmic
FRB rate would have to be comparable to the CCSN rate.
4. HOST GALAXY DEMOGRAPHICS
The fact that FRB 121102 resides in a dwarf galaxy (L ≈
0.02L∗) would be very unlikely given any scenario in which the
FRB rate follows stellar mass or the cosmic star formation rate.
In this section, we address this quantitatively, and investigate
what we can learn from future localizations.
It is well established that hydrogen-poor SLSNe show a
strong preference for dwarf galaxies (Neill et al. 2011; Lunnan
et al. 2014; Leloudas et al. 2015; Angus et al. 2016; Schulze
et al. 2016). These show many properties in common with
LGRB hosts (Lunnan et al. 2014), including an apparent metal-
licity threshold (Chen et al. 2016; Perley et al. 2016b), though
this threshold appears to be lower for SLSNe than for LGRBs
(Schulze et al. 2016). Almost all SLSNe and most LGRB hosts
have B-band absolute magnitudes in the range −15&MB& −20
(i.e., < 0.5L∗), and these galaxies have low metallicities (Chen
et al. 2013; Lunnan et al. 2014).
The host galaxy of FRB 121102 is remarkably consistent
with these properties (Metzger et al. 2017). Tendulkar et al.
(2017) determine an extinction-corrected absolute magnitude
3 In the case of cataclysmic FRBs, there is no need to consider a duty cycle,
as their ‘lifetime’ is simply the duration of one burst.
4 The rate of magnetic field evolution inside a neutron star is a strongly
increasing function of its interior magnetic field strength and mass (e.g. Be-
loborodov & Li 2016). If the millisecond magnetars associated with SLSNe
or LGRBs have significantly larger masses (e.g. due to their origin from very
massive stars) or higher interior fields (e.g. due to their rapid birth rotation)
than classical magnetars, this could result in them possessing an enhanced rate
of FRB activity in magnetically-powered scenarios (Beloborodov 2017).
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Figure 3. The galaxy luminosity function from Faber et al.
(2007) for blue galaxies. The black line is our fiducial model
(z = 0.5), while the grey area shows the evolution of luminosity
function at 0.3< z< 1.1. The evolution is negligible over the
magnitude range of SLSN and LGRB host galaxies, marked
by dashed vertical lines.
Mr = −17, a metallicity upper limit 12 + log([O/H]) . 8.4,
and emission line equivalent widths consistent with extreme
emission line galaxies, such as SLSN hosts (Leloudas et al.
2015; Schulze et al. 2016).
Therefore if FRBs do indeed result from the millisecond
magnetar remnants of SLSNe and possibly LGRBs, we would
expect most FRBs to be found in galaxies similar to the host of
FRB 121102. Using the inferred volumetric rate of SLSNe and
rate density of repeating FRBs, we can determine the fraction
of dwarf galaxy hosts by calculating the number density of
dwarf galaxies. This is achieved by integrating the observed
galaxy luminosity function over the magnitude range relevant
to SLSN/LGRB/FRB hosts.
Faber et al. (2007) measure the galaxy luminosity function
separately for red and blue galaxies, in several redshift bins at
0.3< z< 1.3. The luminosity function for blue, star-forming
galaxies is appropriate in this case. Over the magnitude and
redshift range of interest, the number density of dwarf galax-
ies shows negligible evolution with redshift (Figure 3), we
therefore take as fiducial values their luminosity function at
z = 0.5. Integrating over −15 > MB > −20, we find a dwarf
galaxy number density of 3.0×107 Gpc−3.
Taking our estimated SLSN rate of 40 Gpc−3 yr−1, this corre-
sponds to a per-galaxy rate of ∼ 1 Myr−1 averaged to z≈ 0.5.
Interestingly, assuming a progenitor lifetime of ∼ few Myr,
appropriate for very massive stars, this implies the existence of
∼ 1 SLSN progenitor in a typical dwarf galaxy like the LMC
at any given time. If all FRBs are repeaters located in similar
galaxies, our number density, RFRBτ ∼ 104 Gpc−3, implies that
only a few in 105 dwarf galaxies currently hosts a repeating
FRB.
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Figure 4. The probability of localising at least one FRB in a
massive (as opposed to dwarf) galaxy as a function of the
number of localised FRBs. The various curves represent differ-
ent assumptions about which transients produce FRB sources,
while the horizontal lines indicate 67% and 95% probability.
While it is appealing to draw this link between FRBs and
other rare transients in similar environments, it is important
to realise that this argument currently rests on a single FRB
localisation. Therefore a more useful exercise is to consider
the number of FRBs that would need to be localised (and there-
fore associated with a host galaxy) to exclude a population in
massive galaxies (MB < −20, or L> 0.5L∗) at a certain confi-
dence level. We perform a series of Monte Carlo experiments
for various FRB progenitor channels described below. In each
case we simulate 10 FRB localisations, with the host galaxies
randomly drawn from the expected fractions in dwarf and mas-
sive galaxies for each progenitor channel. We take the dwarf
galaxy fractions (described for each transient population be-
low) from the literature, and conservatively assume a Gaussian
error of 10% in each case. We repeat this process 105 times
to determine the cumulative probability of finding a massive
FRB host galaxy as progressively more FRBs are localised.
If a large fraction of BNS mergers (observed as SGRBs)
leave behind millisecond magnetars, these could dominate the
FRB rate. Berger (2014) find that 38% of SGRBs occur in
galaxies with MB > −20. Our simulations show that a mere 3
localisations in dwarf galaxies are needed to exclude at 95%
confidence a channel where only SGRBs form FRB sources.
Moreover, the SGRB channel predicts that a substantial frac-
tion (∼ 30%) of FRBs should occur in elliptical galaxies. This
is in contrast to any supernova-related channel.
More generally, we can try assuming that the FRB rate
traces the stellar mass density. This could be applicable to
any formation channel that does not require a young stellar
population (one example being the BNS mergers above). In
this case we simply integrate the luminosity function from
Faber et al. (2007) below and above MB = −20, finding that
Table 1. Volumetric event rates, 0< z< 0.5
Event type Rate
(Gpc−3 yr−1)
Superluminous supernovae 40
Long gamma-ray bursts 100
Short gamma-ray bursts 270
Overall millisecond magnetar formation few × 10–100
Core-collapse supernovae 2.5×105
CCSNe forming classical magnetars 2.5×104
FRB repeater birth 104/τ
Cataclysmic FRBs 3.6×105
NOTE—Rates are averages over 0< z< 0.5 and adopt fiducial
parameters of η = 0.1 and ζ = 0.3. For FRB repeaters, τ is
the mean repeater lifetime. All rates are uncertain to factors
of at least a few.
44% of stellar mass—and hence the same fraction of FRBs—
should reside in galaxies brighter than the cutoff. These relative
fractions are also consistent with expectations for CCSNe
(though technically CCSNe trace star-formation rate rather
than stellar mass). With this ratio, we require ∼ 5 localisations
in exclusively dwarf galaxies to exclude such a channel.
We next consider the hypothesis that FRBs are formed by
SLSNe and both types of GRBs. We take our fiducial rates
from §2, and use the following host demographics: 86% of
SLSNe and 70% of LGRBs occur in galaxies with MB > −20
(Lunnan et al. 2014)5, while only 38% of SGRBs do (as noted
above). We find that ≈ 8 localisations are needed to rule out
(at 95% confidence) a SGRB channel for producing FRBs that
is comparable in rate to the SLSN and LGRB channels (as
opposed to the SGRB-only channel investigated above, which
required only 3 localisations), regardless of how much LGRBs
contribute relative to SLSNe.
Finally, in the SLSN-only scenario, virtually all FRBs are
expected to be in galaxies with MB > −20. Localising . 10
FRBs in exclusively dwarf galaxies would therefore allow us to
robustly rule out any model with a significant contribution from
SGRBs or any progenitors that trace stellar mass, and strongly
favor SLSNe as the primary channel for FRB production.
5. SUMMARY AND CONCLUSIONS
We explored the possibility that repeating FRB sources are
the millisecond magnetar remnants of superluminous super-
novae and GRBs, by comparing volumetric rates and host
galaxy demographics. We collect the key volumetric event
rates in Table 1. Given the rarity of the sources involved (CC-
SNe not withstanding), the various estimates are accurate only
to within a factor of a few. However, this is sufficient to dis-
criminate between several possible FRB formation channels.
Our main findings are:
• The number density of repeating FRB sources at 0 <
5 At z < 0.5, these fractions appear to be closer to 100%, but we use the
overall values to be conservative.
FRB AND MAGNETAR RATES AND HOST GALAXY DEMOGRAPHICS 9
z < 0.5, which is the product of their birth rate and
active lifetime, is RFRBτ ≈ 104 Gpc−3, accounting for a
beaming factor of about 0.1 and an active duty cycle of
about 0.3.
• There are hints that high-redshift FRBs are lacking, es-
pecially if the FRB production rate tracks the cosmic
star formation rate. In our adopted model (Equation 2),
twice as many FRBs should be observed originating
from 0.5 < z < 1 as 0 < z < 0.5, but this is not the
case (Figure 1). This result, however, is sensitive to
assumptions about the FRB progenitor population, the
relationship between DM and redshift, and the observa-
tional biases in current FRB surveys, which are not fully
understood. Future work should investigate this matter
more rigorously.
• If FRBs are formed by CCSNe, at most ≈ 0.1%
of CCSNe actually result in FRBs. The longer
the FRB lifetime inferred from continued monitoring
of FRB 121102, the smaller this fraction becomes.
This fraction is comparable to the relative rate of
SLSNe/LGRBs compared to CCSNe.
• If SLSNe and LGRBs are the progenitors of millisec-
ond magnetars that emit FRBs, observed FRB detection
rates imply a repeater lifetime of ∼30–300 yr. This is
consistent with FRB 121102, as well as the time it takes
for the supernova ejecta to become transparent at GHz
frequencies (Metzger et al. 2017).
• The integrated energy released by repeaters with such
lifetimes is consistent with the high end of the range
of expectations for magnetar-powered models. Given
theoretical estimates for the radio emission efficiency,
magnetically-powered models may be preferable to
rotationally-powered ones, particularly if LGRBs con-
tribute to FRB formation.
• A cataclysmic channel, in which most FRBs are single
pulses rather than repeaters, requires a very high rate,
> 10% of the CCSN rate. However, as we already noted,
CCSN ejecta are opaque to FRBs at the time of explo-
sion. Additionally, the potential preference for dwarf
galaxies may already disfavor a model in which the FRB
progenitors are so common.
• As pointed out by Tendulkar et al. (2017), the host
galaxy of FRB 121102 is remarkably similar to the hosts
of SLSNe and LGRBs. Localizing 3–5 more FRBs in
exclusively dwarf galaxies should be sufficient to ex-
clude a dominant channel with a significant population
in massive galaxies, such as SGRBs or any model that
traces stellar mass. Finding ∼7 FRBs exclusively in
dwarf galaxies would rule out a significant contribution
from SGRBs.
• Directly finding the quiescent sources associated with
FRBs (rather than locating them by following up a spe-
cific burst) will be challenging, as we expect only one
FRB source per 105 galaxies, though in principle there
may be thousands of such sources on the sky. Most
dwarf galaxies should harbor ∼1 SLSN progenitor at
any given time. A more efficient search strategy may
be to target galaxies that have hosted SLSNe, GRBs, or
gravitational wave sources (in the case of BNS mergers)
in the past tens of years. This is currently feasible for
many GRBs and for the oldest known SLSNe.
If FRB 121102 is a typical FRB source, then the overall
properties of FRBs (in terms of rates, lifetimes, energetics and
host galaxies) are consistent with expectations for millisecond
magnetars from SLSNe and/or LGRBs. Additional precise lo-
calizations of FRBs will stringently test our proposed scenario,
with ∼10 localizations needed to provide valuable insight into
the nature of FRBs from their host galaxy demographics. An-
other important empirical task is to test if the low number of
FRBs at inferred redshifts z> 0.5 reflects a sharp cutoff, and
if so, whether this effect is astrophysical or observational.
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